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Abstract 

Crystalline carbonate- and sodium-and-carbonate-substituted hydroxyapatite (C0 3 HAp and NaC0 3 HAp) powders were" 
prepared at room temperature via a heterogeneous reaction between Ca(OH) 2 /CaC0 3 /Na2C0 3 and (NH 4 ) 2 HP0 4 aqueous solution 
using the mechanochemical-hydrothermal route. X-ray diffraction, infrared spectroscopy,' thermogravimetry, and chemical analysis 
were performed. Room temperature products were phase-pure C0 3 HAp and NaC0 3 HAp containing 0.8-12 wt% of carbonate ions 
in the lattice. Dynamic light scattering revealed that the median agglomerate size of the room temperature C0 3 HAp and 
NaC0 3 HAp powders was in the range of 0.35-1.6 urn with a specific surface area between 82 and 121m 2 /g. Scanning and 
transmission electron microscopy confirmed that the carbonated HAp powders consisted of mostly submicron aggregates of 
nanosized, ^20nm crystals. The synthesized carbonated apatite powders exhibit chemical compositions and crystallinities similar to 
those of mineral constituents of hard tissues and therefore are promising for fabrication of bone-resembling implants. © 2001 
Elsevier Science Ltd. All rights reserved. * . , 
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1. Introduction 

Hydroxyapatite (HAp) with the chemical formula 
corresponding to Caio(P04) 6 (OH) 2? has been extensively 
used in medicine for implant fabrication and is one of 
the most biocompatible materials owing to its similarity 
with mineral constituents found in hard tissue (i.e. teeth 
and bones) [1,2]. It is commonly the material of choice 
for fabrication of dense and porous HAp bioceramics 
[3]. Its general uses include biocompatible phase/ 
reinforcement in composites [4], coatings on metal 
implants [1-3], and granular fill for direct incorporation 
into human tissues [1]. Among the variety of HAp-based 
ceramics, carbonated HAp (C0 3 HAp) appears to be an 
excellent material for bioresorbable bone substitutes [5]. 
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Since the HAp phase present in natural bone, dentin, 
and enamel, respectively, contains approximately 7.4, 
5.6, and 3.5 wt% of carbonate [6], C0 3 HAp materials 
have excellent biocompatibility and properties, which 
can be favorably compared with those of hard tissue. 

Sintered C0 3 HAp ceramics can exhibit in vitro cell 
resorption rates similar to the resorption rate of natural 
bone minerals [5], which is higher than that of pure HAp 
ceramics [5,7]. Cell appearance and proliferation does 
not differ on C0 3 HAp and pure HAp [7,8]. Recent 
in vivo study using rats indicated that the dissolution 
rate of dense sintered C0 3 HAp ceramics implanted 
subcutaneously was intermediate between 0-TCP and 
pure HAp [9]. In another in vivo study, it was found that 
the quantity of intermedullar bone formed around 
C0 3 HAp implants increased with carbonate concentra- 
tion [10]. C0 3 HAp-forming injectable, moldable bone 
cement has been commercially available throughout 
Europe since 1997 and in the USA since 1998 [1 1]. The 
C0 3 HAp bone cements can be used as in situ-hardened 
bone fillers [12] or screw fixations [13]. Nanosized 
C0 3 HAp crystals were successfully applied to fabricate 
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C0 3 HAp/collagen biodegradable composites [14]. When 
implanted in rabbits, these materials underwent resorp- 
tion and promoted new bone; formation. ■ . . 

The above studies indicate that C0 3 HAp ceramics 
should be superior to pure HAp for bioresorbable 
implantsr^ ^erefore— development— of— new*-synthesis>r 
techniques for C0 3 HAp powders with controlled 
morphology and chemical composition is of a great 
importance. C0 3 HAp powders with low crystallinity 
and nanometer particle size are suitable for' the 
processing of bone-resembling materials [14]. In addi- 
tion, controlling the level of carbonate substitution in 
HAp is a convenient way to change solubility [6] and 
morphology of the synthesized carbonated HAp crystals 
[6], which subsequently impact properties of the HAp- 



based, bi ©materials. - :>••* 

Multiple techniques "have been used to prepare, HAp 
and C0 3 HAp powders", with wet, chemical methods 
[1,3,6,15,16] and solid-state reactions [1,17] as the most 
popular. Depending upon the technique, powders-with 
different morphologies, stoichiometrics and levels of 
crystallinity can be obtained. Recently, several papers 
regarding mechanochemical and rnechanochemical- 
hydrothermal synthesis of HAp and' C0 3 HAp powders 
appeared in the literature [18-25]. Mechanochemical 
powder* synthesis is a solid-state synthesis method that 
takes . advantage of the perturbation of surface-bonded 
species by pressure to enhance thermodynamic and 
kinetic reactions between solids [26]. In many cases, 
mechanochemistry can be used to prepare anhydrous 
multi-component oxides at room temperature in a single 
step. Pressure can be applied via conventionaKmilling 
equipment ranging from low-energy ball mills to high- 
energy stirred mills (e.g. attrition, planetary, or vibra- 
tory mills). The main advantages of mechanochemical 
synthesis of ceramic powders are simplicity and low 
cost: *A variety of chemical compounds have.. been 
prepared by this technique, such as CaSi0 3 [27], PbTi0 3 
[28], and 0.9Pb(Mg 1/3 Nb 2/3 )O 3 -0.1PbTiO 3 [29], Since the 
mechanochemical synthesis involves only, solid-state 
-reaction, it should be ' dearly distinguished from the 
mechanochemical-hydrothermal synthesis (a.k.a., 
"wet"- mechanochemical), which incorporates- an aqu- 
eous-phase-in-the-sYStem-An-aqueous-phase-ean-aetively- 
participate in the mechanochemical reaction by accel- 
erating kinetic processes that commonly rate limit a 
process, such as dissolution, diffusion, adsorption, 
reaction rate, and crystallization (nucleation and 
growth) [30]. The mechanochemical activation of 
slurries can generate, local zones of high temperatures 
. (up to 450-700°C) and high pressures due to friction 
effects and adiabatic heating of gas bubbles (if present in 
the slurry), .while the overall temperature is close to the 
room temperature [31]. Thus, the mechanochemical- 
hydrothermal technique < can be envisioned as being 
located at the . intersection of hydrothermal [32] and 



mechanochemical [26] processing. The mechanochem- 
ical-hydrothermal route can produce large amounts of 
HAp powder. It also utlizes lower temperature, i.e. 
room, temperature, as compared to 90-20b°C for the 
hydrothermal process. Thus, for the mechanochemical- _ 
— hydrothennal-process^there-is-no^need^for-a-pressure 
vessel and external heating. 

In an earlier study we have demonstrated that 
stoichiometric, crystalline HAp powder could be pre- 
pared' at room temperature from heterogeneous, reaction 
between Ca(OH) 2 powder and (NH 4 ) 2 HP0 4 solution via 
the mechanochemical-hydrothermal route [25]. This 
process was advantageous, when compared to prior 
, reported mechanochemical HAp syntheses. Water ac- " 
lively participated in the reaction by both dissolving one 
of^the-reactant powders. as*welUas.>sei^ring r as»a ^reaction .. 
medium to produce a stoichiometric and highly crystal- 
line product. In addition, the mechanochemical-hydro- 
thermal route has been demonstrated to be applicable, 
for reproducible and low-cost fabrication of. high- 
quality HAp powders in large batch sizes [25]. In this 
paper, we will present a mechanochemical-hydrother- 
mal method for preparation of nanocrystalline C0 3 HAp 
. and NaC0 3 HAp powders with controlled carbonate 
•substitution. ■ . . 



2. Materials and methods 

i- , * ' - ' ■ , ;v * ■ ' ■ ' 

. ■ 2.7. M echanochemical-hydro thermal preparation of 
carbonated HAp powders 

■ \ . . • • : - ■ • 

Calcium hydroxide powder (Ca(OH) 2 ), calcium car- 
bonate powder (CaC0 3 ), and solid diammonium 
hydrogen phosphate ((NH 4 ) 2 HP6 4 ) (all .analytical 
grade, Alfa Aesar,. Ward Hill, MA) were used as 
1 reactants for synthesis of C0 3 -substituted HAp. For 
synthesis of HAp powders with coupled C0 3 - and Na- 
.substitution, ^"sodium -carbonate • (Na 2 CO 5 ) -(ana lytical 

' grade, Alfa Aesar, Ward Hill, MA) was used.instead of 
CaC0 3 . Purity of the reactants was confirmed by X-ray 
diffraction and thermogravimetry. Measured contents of 
adsorbed water in Ca(OH) 2 , (NH 4 ) 2 HP0 4 , CaC0 3 , and 

— Na 2 G0 3 -were-l-9— 1-1— 0T8rand-U0-wt-%— respectively. 
Air stoichiometrics were appropriately adjusted to 
compensate for the adsorbed water. No impurity 
phases were present hv:the starting powders. Targeted 
chemical compositions corresponded . \to x values 
of 0,1, 2, and 3 in the chemical formula of Caio-*+y 
(C0 3 ) x (P0 4 ) 6 _ x (OH) 2 _ Ar + 2y for ,C0 3 -substituted HAp 
(denoted hereafter C0 3 HAp) and x = 0; J, 2, 3,-4 in 
the chemical formula of Caio~^Na 2 . x /3(P04) 6 - A -(C0 3 ) x 
(H 2 0) A -(OH) 2 _ Jf/3 for Na- and C0 3 -substituted HAp 
(denoted hereafter NaC0 3 HAp). 

Both C0 3 HAp and NaC0 3 HAp powders , were 
synthesized according to the following procedure. First, 
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a suspension of Ca(OH) 2 and CaC0 3 (or Na 2 G0 3 ), a 
total of about 26-32 g as required by stoichiometry, in 
350 ml of deionized water was prepared inside a 500 ml 
glass beaker. Subsequently, stoichiometric amounts of 
(NH 4 ) 3 HP0 4 powder (20-27 g) was slowly added to the 
same beaker at constant vigorous stirring using a 
magnetic stirrer for about lOmin. The concentration 
of the solid phase in each slurry was 13wt%, which 
yielded a measured pH of 10.0-1 1.3. Slurry pH was 
measured using a glass electrode connected to a pH- 
meter (Accumet® Model 805 MP, Fisher Scientific, 
Pittsburgh, PA) and calibrated with respect to a buffer 
solution (pH= 10.00, Fisher Scientific, Pittsburgh, PA). 
The mechanochemical-hydrothermal synthesis was per- 
formed by placing slurries into a laboratory-scale mill 
^(model MIG-Oi'NARA Machinery 'Co., Tokyo, Japan) 
equipped with a zirconia liner and zirconia ring grinding 
media. 

The milling equipment is a multi-ring media mill and 
its grindjng mechanism is different from other attrition, 
planetary, or vibratory mills (Fig. 1) [33]. The mill 
consists of a central rotating stainless-steel shaft, which 
drives six stainless-steel sub- shafts (sleeve^lined with 
zirconia-toughened alumina) that are connected symme- 
trically to the central shaft. Each sub-shaft contains 19 
stacked zirconia rings, which can rotate eccentrically 
around each sub-shaft. When the central shaft is 
rotating, the zirconia rings on the sub-shafts are moved 
by the centrifugal force radially outwards applying force 
on a ceramic liner which is mounted on an inner wall of 
the milling vessel. Solid particles, which are located 
between the rotating rings and the liner wall, are 
subsequently comminuted [33]. 

Grinding of the slurry was carried out in air, initially 
at a rotation speed of 3 500 rpm for 1 h and then at 
800 rpm for 4h. Temperature during the grinding was 
measured using a thermocouple, which ranged between 
29-35°C at 1 500 rpm and 25-32°C at 800 rpm depending 
mpon the batch. After the mechanochemical-hydrother- 
mal reaction, the suspension was centrifuged and 
decanted. The resultant powder was washed with 
distilled water in HDPE 250 ml bottles using a hand 
shaker machine (Model M37615, Ba rn stead/Therm o- 
lyne, Dubuque, Iowa) followed by centrifuging at 
4500 rpm for 30 min (Induction Drive Centrifuge, Model 
J2-21M, Beckman Instruments, Fullerton, CA). Each 
batch of powder was washed 6 times. The washed HAp 
powders were dried in an oven at 70°C for 24 h 
(Isotemp® oven, model 230G, Fisher Scientific, Pitts- 
burgh, PA). These powders are referred to as "as- 
prepared" in the paper. A typical mass of as-prepared 
dry, carbonated HAp powder was about 30 g per batch. 

In order to check thermal stability of the prepared 
C0 3 HAp and NaC0 3 HAp phases herein referred to as 
"heat-treated", a small quantity of each as-prepared 
powder was placed , in an alumina crucible, ramped to 



23 (2002) 699-710 701 




Fig. 1. Multi-ring media mill MiCROS MIC-O (NARA Machinery 
Co.): (a) cross-section of the mill showing schematic of the grinding 
mechanism; (b) interior of the mill showing sub-shafts with Z1O2 
milling rings surrounding the central shaft. 

* ■ 

* # ' ^ « ^ 'i *~** m . *** *** * ~ 1 

temperature at a rate of 10°C/min and heat treated in air 
at 1100°C for lh (Rapid Temperature Furnace, CM 
Inc., Bloomfield, NJ). The samples were cooled together 
with the furnace to room temperature (average 
cooling rate »6°C/min) and removed. All heat- 
treated C0 3 HAp and NaC0 3 HAp powders were stored 
in air atmosphere without humidity/carbon dioxide 
control. 

2.2. Characterization of the materials 

All batches of as-prepared and heat-treated C0 3 HAp 
and NaC0 3 HAp powders were characterized by X-ray 
diffraction (XRD, Kristalloflex D-500, Siemens Analy- 
tical X-ray Instrument Inc., Madison, WI) using Ni 
filtered Cu K a radiation, in the 26 range of 10-70° at a 
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scan Tate of 2.4°/min, with a sampling interval of 0.05°. 
Crystallographic identification of the as-prepared and 
. -heat-treated HAp powders Was accomplished by com- 
paring the experimental XRD patterns . to standards 
compiled by the Joint Committee on Powder Diffraction 
and Standards (JCPDS) ? which were card" #9-432 for - 
HAp, #9-169 for £-TCP, #37-1497 for CaO, #05-0586 
for CaC0 3 , #04-0733 for Ca(OH) 2? and #75-0642 for 1 

NaOH. • - ^ ; I ^ 1 . ^ ./' 

Specific surface area of all "batches "of as : prepafed : , 
. C0 3 HAp and NaC0 3 HAp powders was measured using 
the BET method utilizing adsorption of N 2 gas (purity 
99.99%, Matheson Co., Bridgeport, NJ) at -196°C 

* (Coulter Surface Area Analyzer SA 3100, Coulter Co., 
Fullerton,/CA). For this purpose, 0.15-0.30 g of the 
HAp powder- was outgased r for 2-4 h at~120°G: Particle - 
size of the primary crystals was estimated . from the ... 
nitrogen adsorption isotherms using the BET method to t 
.calculate the equivalent spherical diameter, also called a 
BET particle diameter > (^bet). from the. following 

. equation: cJ BBT = 6/(pS^\ where p is density and' S w is 
the specific surface area. A density of 3.156g/crri 3 which 
is the theoretical density of stoichiometric HAp. was 
used in all calculations.. . • . 

Particle size distributions of all batches of as- prepared 

* ■ . , i- 

C0 3 HAp and NaC0 3 HA'p powders were determined by 
. dynamic light scattering at a, wavelength of 632.8 nm 
(DLS, model DLS-700, Otsuka Electronics Co., Osaka, 
Japan). Samples for ' the DLS measurements were 
prepared; by dispersing small J amounts of the HAp 
powder in ethanol (filtered using a 0.2 um filter) 

* followed by immersion . in , an ultrasonic bath for 
10 min: After transferring to the sample holder, the 
suspensions were diluted again using filtered ethanol and 
ultrasoriicated for 3 min. Measurement conditions with, 
a sampling time of 100 us arid 100 accumulations were 
employed. A viscosity of L19 cP and refractive index of 
1.36 were used for calculations. ' , 

^Sizerand rdegree^of-aggregation ^of :the - synthesized 
particles in selected batches;: of as-prepared HAp and 
NaC0 3 HAp were studied using a field emission scan- 
ning electron microscope at 0.5-1.1 kV with a. working 
. distance of 2-3 mm (FESEM, Model DSM 962, Gemini, 
^Carl-Zeiss-Iuc— ThornwoodrNY-)-Prior-to-the-FESEM- 

analysis, the as-prepared samples were suspended in 
ethanol and dispersed for 10 min using ultrasound. 
Subsequently, they were transferred on graphite sheets 
mounted onto sample holders. No conductive coatings 
were used. 

Transmission electron microscopy study of the as- 
prepared powders was performed using an ultra-high 
resolution analytical electron microscope (TEM, model 
EM-002B, International Scientific Instruments, Pleasan- 
ton, CA) at an accelerating voltage of 200 kV. In order 
to prepare samplesfor the TEM, small quantities of the 
as-prepared powders werei dispersed in ethanol, ultra- 



sonicated for 5 min, transferred onto carbon grids, and 
subsequently dried at 40°C for 24 h. l ; 

Infrared spectra ,of all batches of as-prepared C0 3 . 
HAp and NaC0 3 HAp powders were obtained using an 
infrared, Fourier-transform spectrometer (FTIR, model 
1720-X, Perkin .Elmer Co.,, Norwalk 5 CT). For -this „ 
purpose, each powder was ,mixed with KBr in " the 
proportion 1/1 50 (by weight) for 1 5 min and pressed into 
a pellet- using a hand press. ' 

Thermogravimetric analysis (model TGA-6, Perkin 
Elmer Co., Nprwalk, CT) for all batches of as-prepared 
C0 3 HAp and NaC0 3 HAp powders was performed in 
air at a flow rate of 20 ml/miir. Samples were heated to a 
maximum temperature of 950°C using a heating'rate of 

5°/min. .... . . . ■ l " • 

Quantitative analysis -for sodium and^ carbonate- was,- 

accomplished for all batches of as-prepared C0 3 HAp 
and NaC0 3 HAp powders at the Materials Character- 
ization Laboratory of the Pennsylvania State' University 
(University Park, PA). The analysis for sodium was 
accomplished by DC plasma emission . spectrometry 
after dissolution of , the powdered samples in HQ (aq). 
The analysis for C0 2 was accomplished by' carbon 
dioxide coulometry [34]. Maximum -relative error of the 
chemical analysis by these techniques was 5% of the 
measured value.; : 



3. Results and discussion 

J.7. CO ^-substituted HAp > powders 

* > , • , ■ * ». 

' , ( 1*'.''. - ' *'■ ■ ■ 

XRD patterns of the as-prepared C0 3 HAp powders 
are shown in Fig. 2: The XRD peaks are well defined 

. and attributable only to apatite lattice planes for x = 0 
(i.e.: nominal stoichiometric HAp) (Fig. 2a), x=\ 
(Fig. 2b), and x = 2 (Fig. 2c). When a 'large excess of. 
CaC0 3; corresponding to the x value of 3, was used in 

"^the starting slurry,- unreacted -CaC0 3 in the synthesis-, 
product was found (Fig; 2d). The sample containing 
apatite with the unreacted calcite (x=3) was excluded 
from any further evaluation. 

Results of the thermogravimetric analysis of the as- 

— prepared-G0 3 HAp-ppwder-s-in-the4emperature-range-of 
25-950°C are shown in Fig;/3. Significant loss of weight 
was observed up to approximately 450°C for all samples 
and was due to the loss of adsorbed (up to & 120°C) and 
lattice water [15]/ Another significant and gradual 
weight loss of C0 3 HAp . powders occurred above 
550°C which is attributed mostly to the loss of 
carbonate 'with subsequent formation of CaO (Fig. 3b 
and c). In contrast, the HAp powder with nominal 
stoichiometric composition (Fig; 3a) exhibited no sig- 
nificant weight loss above 500°C, typical for "stoichio- 
metric HAp [3 5]. In apatites, lattice water can also be 
lost in this temperature region [15], but the total amount 
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Fig. 2. XRD patterns of the as-prepared CO3HAP powders: (a) a = 0, 
corresponding to stoichiometric HAp; (b) x~\;(c)x-2; and (d) x = 3. 
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of lattice water accounts for no more than about 2% of 
the total weight in apatite. Weight losses related to the 
decomposition of unreacted CaC0 3 or Ca(OH) 2 were 
not observed, which in addition to the XRD data serves 
as evidence that the synthesized powder was phase pure 
C0 3 HAp. Ca(OH) 2 or CaC0 3 , if present as an impurity 



phase in the as-prepared HAp powders, would produce 
distinct rapid weight losses at 400-450°C (decomposi- 
tion temperature of 1 Ga(OH) 2 ) and 825°C (decomposi- 
tion temperature of CaCOs), as opposed to a continuous 
gradual weight loss, which was observed in our 
substituted HAp powders at those temperatures. How- 
ever, small quantities of amorphous calcium phosphate, 
undetectable by XRD, TG and FTIR, might be present 
in the samples. 

FTIR spectra of the as-prepared C0 3 HAp powders 
are shown in Fig. 4. These are typical spectra of 
carbonated HAp showing P0 4 -derived bands at 478, 
566, 605, 963, and 1030-1090 cm" 1 , and C0 3 -derived 
bandsviat . 870 cm" land- around -J 420-1480 cm^ [6;1 5]. 
Adsorbed water bands are located at 1630 and 3000- 
3700 cm" 1 . Low intensity of both OH-derived bands at 
630 and 3570 cm -1 , which are clearly visible only in the 
nominally stoichiometric HAp powder 1 (Fig. 4a), and 
broadening of the P0 4 -derived bands with increasing x 
were observed. These effects are typical for C0 3 HAp 
synthesized by wet methods and can be explained by a 
decrease of crystallinity due to increased carbonate 
substitution in the HAp lattice [6]. Since the intensity of 
the adsorbed water bands increased with increasing x, 
very low intensity of the OH-derived bands, particularly 
in the samples with x > 0, could also be caused by the 
presence of adsorbed water (Fig. 4, Table 1). The FTIR 
spectra clearly show that with increasing x in the 
starting slurry, intensity of the C0 3 -derived bands 
increases which serves as evidence that the amount of 
carbonate in the HAp lattice increases. 
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Table 1 . , 
Properties of the as-prepared C0 3 HAp and Na C0 3 HAp, powders 

Targeted chemical . ■, "■ - Measured concentration 
composition of the Powder 1 of CO]" (wt%) 



Specific surface 
area (m 2 /g). 



HAp (x = 0) 



C0 3 HAp ix= V) "" 
c6 3 HAp(x = 2) 

NaC0 3 HAp (x« 1) 
NaC0 3 HApXA=2) 

NaC0 3 HAp (x = 3) 
NaCQ 3 HAp (x=4) 



0.80 
;2:45- 
4.35. 
4.10 
4.45 
9.05 



12.00 



91.0 
-83:5^ 

85.9 
117 

81.7 
121.1 

85.8 



Equivalent spherical 
diameter, ^bet ( nm ) 



21.0 
22t8- 
22.1 
16:2' 
23.3 
15,7 
22.2 



• Average. particle / Median particle 
size (nm) . size (nm). ■." 



685.. ... 


6*63 


818 _ , 


900 


510 


394' 


473 


'*''*' ' .'■ • :349 


1285 


• v '1625 


1298 ■ ■ 


, 1592 


669 '' " . 


'• '" '622'' 




1 J - I- 

Measured concentrations of C0 3 in our C0 3 HAp 
povvders;.vvere 0.8 wt% for x = 0, 2.45 wt% for x - 1 and / 

. 435 wt% for. ■ x = 2-.,? The ; ^widely „ accepted.-, .chemical » 
formula .of C0 3 HAp ' is Car 
(OH) 2 i;+ 2> , where '0<x<'2, and 2y^x 9 corresponding 
to the theoretical solubility limit of carbonate in HAp of 
14:6wt% ,[35]. The; solubility 'limit; does not seem to be 
exceeded in any" of the as-prepared C0 3 HAp powders. 

■ The position of the carbonate-derived bands indicates 
that \ Cpi^fpr-PpJ" substitution dominates in the 
C0 3 HAp powders but some fraction of the OH" groups 

• might be replaced by the CO? ~ groups, which is usually 
observed in carbonated HAp powders prepared by wet 
methods [6, 15]. Increasing concentration of carbonate 
with a- in the C0 3 HAp powders, which increases lattice 
disorder, can partially explain broadening of the XRD 
peaks with increasing. a- (Fig. 2): . ; . : . . . 

'Heat treatment of the as-prepared C0 3 HAp powders 
at 1 100°C for 1 h in air resulted in narrowing their HAp'-- 
derived XRD peaks, which was caused by -increasing 
crystal size (Figi 'S)., The low intensity of,the strongest 
peak attributed to /J-TCP [(0120), 20^31°] in the heat- ' 
treated HAp', powder with . nominal stoichiometric 
composition (a = 0) (Fig. 5a) . serves as evidence that 
the HAp prepared by the .mechanochemical-hydrother-' 
. ,-mal. route,, is- almost ... stoichiometric , with, sqme minor 
calcium deficiency (Ca/P^ 1.67). The V. presence of • 
CaC0 3 and CaO was observed [ - in the heat-treated 
CQ 3 HAp powders, , where. a : =1 and 2 (Fig. 5b 'and c), 
■ Since the as-prepared C0 3 HAp powders did not contain 
any-impurity-phases— as-indieated-by-XRD,-TG ; -and_ 

FTIR, the only possibility is that formation of CaO and 
CaC0 3 was a result of decomposition of G0 3 HAp at 

• high temperature. Formation of CaO in heat-treated : 
C0 3 HAp powders is often observed since the carbonate 
replacement of the phosphate groups increases the Ca/P 
molar ratio to values higher that 1.67 [15]. The CaC0 3 
phase originated, from' the initially formed CaO during 
poorly controlled storage of the heat-treated samples in 
air atmosphere. CaO.has been known to transform into 
Ca(OH) 2 and/or CaC0 3 upon storage in air [36,37]. 

Specific surface, area, of the as-prepared C0 3 HAp 
powders ranged between' 83 and 91m 2 /g (±2m /g), 
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Fig. 5. XRD patterns of the C0 3 HAp powders after calcination in air 
at 1100°C for 1 h: (a).x-.0; (b)'x.= 'l; and (c) x-2. . •." r 



which corresponds to an estimated equivalent spherical 
diameter (Jbet) of 21-23 nm (Table 1), Thus, in addition , 
to lattice disorder introduced by the carbonate ion's, the 
1 very small crystallite size also-contributed to broadening- 
of the XRD peaks (Fig.. 2). The particle size distribu- 
ti ons of; the as-prepared CQ 3 HA'p powders were mono-, 
modal in all cases with median values of 663 nm for. 
^ = 0, 900 nm for x==l and 394 nm for a* = 2 (Table 1). 
Corresponding average particle sizes were .685 nm for* 
x = 0, 818 nm for 'x= 1 and 510 nm for x~l (Table 1). 
The particle size distribution combined with the surface 
area data indicates the presence of aggregates consisting 
. of » 20 nm primary particles. Results' 'of TEM observa- 
tions,'sh6wn in Fig. 6^ were in agreement with the results 
of both the BET and DLS. measurements. The as- 
prepared C0 3 HAp powders consisted of elongated 
aggregates of nanosized crystals (Fig. 6). The crystal 
size of both C0 3 HAp powders was almost the same, 
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Fig. 6. TEM photographs of the as-prepared CO3HAP powders 
showing aggregation of nanosized HAp crystals: (a) x- 1, (b) x = 2. 

corresponding to similar values of the specific surface 
area and <^bet si ze - 

A . - >-.■ -* 

3.2. Coupled Na- and CO ^-substituted HAp powders 

1 

XRD patterns of the asr prepared NaCC^HAp pow- 
ders are shown in Fig. 7. The XRD peaks are well 
defined and attributable only to apatite lattice planes for 
all x values ranging between 0 and 4 (Fig. 7a-e). 
However, even if some fraction of Na2CC>3 remained 
un re acted during the grinding process in the prepared 
batches, it would certainly have dissolved during 
washing after the synthesis due to its high solubility in 
water. The proposed chemical formula of NaCC^HAp is 
Ca I 0-,.Na 2jc/ 3(PO4)6-x(CO 3 ),.(H 2 O) A .(OH) 2 _ ;c/ 3 5 where 
0 ^ x ^ 3, corresponding to ..the theoretical solubility 
limit of carbonate in HAp of 22.3 wt% [38]. 

Therm ogravimetric analysis of the as-prepared Na- 
C0 3 HAp powders (Fig. 8) in the temperature range of 
25-950°C confirmed the results of XRD. In all the 
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Fig. 7. XRD patterns of the as-prepared NaCC^HAp powders: 
(a) jc = 0, corresponding to stoichiometric HAp; (b) x~\\ (c) x-2; 
(d) x=3; and (e) x = A. 
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Fig. 8. TG curves of the as-prepared NaCO^HAp powders: (a) x = 0; 
(b) x- 1; (c) jc = 2; (d) x = 3; and (e) x = 4. A/W950 is a total relative 
weight change at 950°C The A//J950 values are marked for each 
powder. * 

powders, a significant loss of weight was observed up to 
approximately 450°C and was due to the loss of 
adsorbed and lattice water [15]. Another weight loss 
for NaC0 3 HAp powders occurred above 550°C and was 
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attributed mainly to 1 , the loss of carbonate .with 
subsequent formation ofNa 2 Oand CaO [15]. No .weight 
losses related to the decomposition of Na 2 C0 3 (around 
400 5 C), Ca(6H) 2 or CaC0 3 were observed; which in 
addition to the XRD data serves as evidence that the as- 
prepared powderS"Were.phase^pure^NaC0 3 HAp. 



FTIR results support the»TGA,and XRD data. The 
FTIR spectra of the as-prepared NaC0 3 HAp powders 
(Fig. 9) are .typical spectra : of carbonated HAp. showing 
similar results to those of the C0 3 HAp powders. P0 4 - 
derived bands at 478," 566, 605, ' 96^ L and 1030- 
1090 cm~\ C0 3: derived bands at 870cm ^and around 
1420-1480'cm" 1 16,35],* and adsorbed- water bands at 
.1630 and 3000-3700 cm" 1 were again observed. Very 
low intensity of both 1 OH-derived bands at 630 and 1 
3530xml\^iwhich,-are fi clearly, .visible^ .only ,.iik .the, , 
nominally stoichiometric HAp powder, and broadening 
of the P0 4 -derived bands with increasing x were 
' observed ' (Fig. 9). These ' " effects /are -typical ' for 
NaC0 3 HAp synthesized by wet methods and can ; be 
explained by a decrease in crystallinity due to increased . 
sodium and carbonate substitution in the HAp lattice 
-[6]. Intensity of the adsorbed water bands is much higher, 
in\the samples with x > 0 than in the undoped HAp 
(x = 0), therefore yery low intensity of the OH-derived 
bands,' particularly in the samples with x>0, could be 
also caused by the presence; of large amounts of 
adsorbed water (Fig. 9, Table 1). The FTIR spectra 
clearly show that with increasing x in the starting slurry, 
intensity of. the C0 3 -derived bands increases which 
serves as. evidence that the amount of carbonate in the 



HAp lattice increases: Measured concentrations of C0 3 
in the NaC0 3 HAp powders were between 4.1 wt% for 
x=j and 12.0 wt% for x~ 4 (Table 1).- Thus, the ; 
theoretical solubility limit of carbonate in NaCQ 3 HAp 
has not been exceeded. , Position* of the carbonate- 
derived bands in Fig. 9 indicates dominant CO^-for- 
PO4" substitution with a possibility, of partial OH -for- 
P04~ substitution, as observed also in the C0 3 HAp. 
powders. 

Heat treatment of the as-prepared NaC0 3 HAp, pow- 
ders at 1100°C for I h in, air resulted in formation of 
several phases in addition to narrowing-their H Ap-denved 
XRD peaks (Fig. 10). At x=l, only HAp- and .NaOH- 
derived peaks were observed in the XRD, pattern of the 
heat-treated NaC0 3 HAp. At x = 2-4, HAp, NaOH, 
. CaO,. .ahd u Ca(QH) 2 .- were^ detected^in^the^heaUtreated. 
NaC0 3 HAp powders. Intensity. of the additional new; 
bands increased with the degree of carbonate substitution 
(increasing x)! The as-prepared NaC0 3 HAp powders did 
not contain any impurity phases, as shown by XRD, TG ; 
and FTIR; therefore, the formation of NaOH, CaO and 
Ca(OH) 2 was a result of decomposition of NaC0 3 HAp at 
' high temperature and subsequent, storage conditions of 
the heated powder. The formation of CaO and Na 2 0 is 
typically observed: upon calcination of NaC0 3 HAp [1 5]. 
In our experiments; both, Na- and Ca-hydroxide phases 
must have been formed from corresponding oxides during 
prolonged exposure to moisture from the air upon 
storage. - 

Specific^ surface areas of the as-prepared NaC0 3 HAp 
powders were 91 m 2 /g for x = 0, 117m 2 /g for x=l, 
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Fig. 9. FTIR spectra of the as-prepared NaC0 3 HAp powders: 
(a) x = 0; (b) x = 1 ; (c) x '= 2; (d) x = 3; and (e) x = 4. • 
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Fig 10 XRD patterns of the NaCC^HAp powders after calcination in 
air at 1100°C.for 1 h: (a) x = 0; (b) x= 1; (c) x = 2; (d) x-3; and 
(e)x = 4. 
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82m 2 /g for x = 2, 121m 2 /g for a = 3, and 86m 2 /g for 
jc==4 (±2m /g), which'correspond to estimated equiva- 
lent spherical diameters (^bet) of 16-23 nm (Table 1). 
The particle size distributions, of the as-prepared 
NaC0 3 HAp powders were, in all cases mono-modal 
with median values of 663 nm for x = 0, 350 nm for x — L 
1625 nm for x = 2, 1592nm for a=3, and 622 nm for 
a = 4 (Table 3). Corresponding average particle sizes 
were 685nm for a=0, 473nm for a=1. 1285nm for 
a — 2 , 1298 nm for a = 3, and 669 nm for a = 4 (Table 1). 
These measurements indicate the presence of aggregates 
consisting of ss20nm HAp primary particles. Results of 
FESEM and TEM observations, shown in Fig. 11, were 
in good agreement with the results of both BET and 
DLS measurements. The as-prepared NaC0 3 HAp 
powders contained large*aggregates/ 1-2 fim^in diameter 
(Fig. lid); which consisted of nanosized HAp crystals 
(Fig. lla-e). The crystal < size of the. NaC0 3 HAp 
powders that exhibited lower values of the specific 
surface area^ i.e. jc = 2 (Fig. llb)_and-x-4 (Fig. Me) 
appeared larger than the crystals of NaC0 3 HAp 
powders with high specific, surface area, i.e. a=1 
(Fig. 11a) and x = 3 (Fig. 11c). 

3.3. Comparison of C0 3 HAp and NaC0 3 HAp powders 
prepared by the mechanochemical-hydrothermal 
technique .'"'*•. 

The C0 3 HAp and NaC0 3 HAp powders synthesized 
in the present work by the mechanochemical-hydro- 
thermal method share several common features. All of 
them consist of nanosized crystals forming larger 
aggregates, which results in broad particle size distribu- 
tions. In our study, we could not find any correlation 
between either specific surface area or average grainsize- 
and carbonate content (Table 1). Another interesting 
feature of our powders* is that almost all synthesized 
crystals are equiaxed irrespective of carbonate concen- 
tration, including the .nominally stoichiometric HAp 
powder (a = 0, Fig: llf); The only exception' is the as- ** 
prepared C0 3 HAp- powder prepared at x — 2 r which 
consisted of elongated aggregates of nanosized needle- 
like crystals (Fig. 6b). Some of the as-prepared C0 3 HAp 
and NaC0 3 HAp powders, however, contained a sig- 
nificant fraction of elongated aggregates of equiaxed 
crystals, as shown in Figs. 6a and lib. Our results are 
generally in contradiction to other studies, which report 
decrease of the crystal aspect ratio with increasing 
carbonate concentration in HAp powders prepared by 
wet methods [6]. Our results have shown that it is 
possible to prepare nanosized C0 3 HAp and NaCQ 3 . 
HAp crystals with equiaxed morphology and carbonate 
concentration ranging between 0.8 and + 12wt% by the 
mechanochemical-hydrothermal method. 

The absence of any unreacted species in almost all as- 
prepared C0 3 HAp and NaC0 3 HAp powders indicates 



high efficiency of the mechanochemical-hydrothermal 
synthesis route at room temperature. Broad XRD peaks 
can be ascribed to both lattice disorder introduced by 
the carbonate ions and 1 the very small size of the 
crystallites. Structural disorder in the as-prepared 
C0 3 HAp and NaC0 3 HAp powders has been mani- 
fested in the FTIR spectra in the form of broadening of 
the P0 4 -derived bands. Broadening of both XRD peaks 
and FTIR bands was generally more distinct at higher 
carbonate concentrations. The XRD and FTIR results 
in addition to the results of both thermoeravimetric 
analysis and calcination of the synthesized powders at 
1100°C for 1 h in air are consistent with the literature 
data for both C0 3 HAp and NaC0 3 HAp [15]. Alto- 
gether the characterization results of our powders 
indicate good* control and high uniformity *of carbonate* 
substitution in all as- prepared powders. 

3.4. Mechanism of the mechanochemical-hydrothermal 
synthesis of HAp and carbonate HAp 

Modeling of the mechanochemical-hydrothermal 
synthesis of C0 3 HAp and NaC0 3 HAp, which was 
accomplished using O LI Software [39], revealed that in 
addition to solid carbonated apatites, different species 
could form as products of the reaction between 
Ca(OH) 2 /CaC0 3 /Na 2 C0 3 and (NH 4 ) 2 HP0 4 in water 
[40]. In the synthesis of C0 3 HAp powders, HPO 2 ", 
NH/, and NH 3 (aq) can form at the concentration level 
of «lm; NH^O^, HC0 3 , and C0 3 ~ can form at the 
concentration levels of & 10 _! -10~ 2 m. In the synthesis 
of NaC0 3 HAp powders, HPO 2 ," NH 4 + , NH 3 (aq), and 
Na + can form at the concentration level of & 1 m; 
NH 2 C0 2 + , HCOr, CO\- } NaC0 3 and NaHC0 3 (aq) 
can form at the concentration levels of m 10~ 1 -10~ 3 m. 

r 

Both types of reactions produce also Ca 2+ and OH~. 
Naturally alkaline environments of the syntheses are 
very important because higher pH values favor forma- 
tion .of the apatite .phases [6,15]. The calculations were 
based upon assumptions that the solid HAp phase had a 
stoichiometric composition, i.e. Cai 0 (PO 4 ) 6 (OH) 2 and 
that the reactions occurred under normal conditions 
(25°C, 1 bar). 

The previous mechanochemical and mechanochem- 
ical-hydrothermal syntheses of HAp and carbonated 
HAp powders accomplished using CaHP0 4 *2H 2 0 or 
Ca(H 2 P0 4 ) 2 H 2 0 as sources of calcium and phos- 
phorus, Ca(OH) 2 and/or CaC0 3 as sources of calcium 
were usually done at room. temperature under either dry 
conditions or in water [18-24]. The as-prepared powders 
were often nano-sized with considerable aggregation [22, 
23].' A common feature of the HAp powders prepared in 
all the previous works was their very low crystallinity. 
Another disadvantage of the previously synthesized 
powders was their high calcium deficiency (Ca/P molar 
ratio in the range of .1.50-1 .64) resulting in partial or 
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Fig. 1 1. Electron microscopy photographs of the as-prepared NaC0 3 HAp powders showing aggregation of rianosized HAp crystals. TEM:(a) x - .1, 
(b)x = 2, (c) x^3. FESEM: (d) x = 4, (e)x = 4and(f)x = 0 v , - J ' : ,.' " 'V' '.' . ■ ■ . ' 



total transformation into 0-TCP (Ca 3 (P0 4 ) 2 ) during 
calcination at ■ 700-750°C to crystallize all amorphous 

phases. f ■ • /. • , : ' 

Our results emphasize the importance of an aqueous 
solution, which actively participates in the synthesis 
reaction by dissolving one of the reactants, which is not 
observed with conventional mechanochemical synthesis 
of carbonated HAp. In previous work, the solubilities of 
mechanochemical reacted powders in 100 ml of water at 



room temperature are 0.03 16,1.8,0.185, and 0.00 14 g • 
for CaHP0 4 ■ 2H 2 0, Ca(H 2 P0 4 ) 2; H 2 0, Ca(OH) 2; and 
GaC0 3 , respectively [41]. In comparison, in this work, 
the solubilities of (NH 4 ) 2 HP0 4 arid Na 2 C0 3 in water 
under the same, conditions are ,57:5 arid 30.7 g, 
respectively [41]. The previous studies on .mechano- 
chemical and mechanochemical-hydrothermal synthesis 
of carbonated HAp did not take . advantage of water as a 
solvent as done in the. present work and our earlier 
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report [25]. While previous mechanochemical-hydro- 
thermal work utilized water as a reaction medium, its 
effect was . limited by much lower solubility of the 
starting powders (between 0.0014 and L8g in 100 ml of 
water at room temperature). This may be the reason 
why the carbonated HAp powders previously synthe- 
sized by both methods [18-24] were highly calcium 
deficient and had very low crystallinity. 



4. Summary 

Our work demonstrates the applicability of mechano- 
chemical-hydrothermal synthesis for preparations of 
carbonated HAp v powders. ; CrystaHine XO3HAP and 1 
NaGOjH A^^pb^ders 4 -"wi th'-c'arbona te *~coii oen f f" Iti on 1 
ranging between O18 and' 12wt% have been prepared 
by the mechanochemical-hydrothermal route at room 
temperature. The powders consisted of equiaxed crys- 
tals, a;20nm in diameter, which formed larger aggre- 
gates resulting in .median particle size in the range of 
350nm^l.63 um. This process is advantageous over 
previous work since water actively participates in the 
synthesis by both ^dissolving some of the,, reacting 
powders and serving as a reaction medium. 
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